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ABSTRACT 

A computer program has been written i n  o rde r  t o  compile d a t a  f o r  s p e c i a l  

squeeze f i l m  gas bear ings .  In  p a r t i c u l a r , t h r e e  problems are so lved ,  

(1) t h e  s p h e r i c a l  squeeze f i l m  gas bear ing  wi th  l a r g e  a x i a l  and l a r g e  

r a d i a l  displacements and f i n i t e  a x i a l  excursion,  (2)  t h e  c y l i n d r i c a l  squeeze 

f i l m  gas bear ing  of f i n i t e  L / D  with no r e s t r i c t i o n  on r a d i a l  displacement 

o r  angular  misalignment,  and (3)  t h e  con ica l  squeeze f i l m  gas bear ing  w i t h  

no r e s t r i c t i o n  on r a d i a l  displacement o r  angular  misalignment. Some new 

design d a t a  is  presented f o r  t h e  bear ings  mentioned above and comparisons 

are made wi th  prev ious ly  published r e s u l t s .  
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- INTRODUCTION 

U n t i l  very  r e c e n t l y  t h e  compressible squeeze-fi lm and squeeze-film bear ing  

has  rece ived  l i t t l e  a t t e n t i o n .  The works of Salbu (Ref. 1)* and Xalanoski-Pan 

(Ref. 2) c o n s t i t u t e d  f i r s t  o f f i c i a l  record  i n  l i t e r a t u r e  on t h i s  s u b j e c t  and 

w e r e  concerned wi th  t h e  f l a t  t h r u s t  squeeze-fi lm bearing.  Within t h e  

p a s t  yea r  t h e  pace has  quickened and many advances have been made on t h e  squeeze 

f i l m  bear ing  theory.  Of p a r t i c u l a r  i n t e r e s t  are Ref. 3 ,  a f e a s i b i l i t y  s tudy  on 

applying t h e  squeeze f i l m  technique ana technology t o  a gimbal axis gyro 

bea r ing ,  Ref. 4 ,  t h e  formula t ion  of a n  asymptot ic  a n a l y s i s  f o r  gaseous squeeze 

f i l m  bear ings  i n  gene ra l  and i n  p a r t i c u l a r  i t s  a p p l i c a t i o n  t o  t h e  con ica l  

squeeze f i l m  bea r ing ,  Ref. 5, theory and experiments a p p l i c a b l e  t o  t h e  c y l i n d r i -  

cal squeeze f i l m  bear ing ,  and Ref. 6 ,  t h e  b a s i c  theory of a s p h e r i c a l  squeeze 

f i l m  hybr id  bear ing.  

The p resen t  r epor t  desc r ibes  a computer program capable  of c a l c u l a t i n g  t h e  

performance of t h e  s p h e r i c a l ,  c y l i n d r i c a l  and c o n i c a l  bear ings  under r a t h e r  

g e n e r a l  condi t ions .  The d a t a  of Ref. 6 is  extended by so lv ing  t h e  l a r g e  r a d i a l  

displacement problem wi thout  r o t a t i o n .  The d a t a  of Ref. 5 is  extended by s o l v i n g  

t h e  f i n i t e  L/D problem f o r  both small  and l a r g e  r a d i a l  and angular  displacements .  

The d a t a  of Ref. 4 i s  extended t o  ob ta in  r e s u l t s ,  a l s o  f o r  large r a d i a l  and 

angular  displacements without  r o t a t i o n .  

I n  t h e  p a s t  t h e  numerical  s o l u t i o n  of l a r g e  displacement problems usua l ly  en- 

countered t r o u b l e  i n  ob ta in ing  accurate r e s u l t s .  However, a n  advancement i n  ob- 

t a i n i n g  numerical  s o l u t i o n s  t o  f i n i t e  d i f f e r e n c e  equat ions  has  been developed 

( R e f .  7) and has  been incorpora ted  i n  t h e  p re sen t  computer program. Because 

o f  t h i s  r e c e n t l y  developed technique a c c u r a t e  des ign  d a t a  can be  generated re- 

l a t i v e l y  f a s t .  A summary of the numerical  technique used he re in  is  given i n  

Appendix I of t h i s  r e p o r t .  
---__--------------------------------------------------.----- --.-.---_------------ 

* 
See s i m i l a r l y  numbered References i n  Reference Sec t ion .  
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a Ym2 

a e  

ANALYSIS 

a Ym2 . . . . . . . . . . . . . . . . .  (3)  = -  
@,e+2T @,e 

This p a r t i c u l a r  s e c t i o n  i s  sub-divided i n t o  t h r e e  p a r t s .  Each p a r t  is  devoted 

t o  a p a r t i c u l a r  type  of squeeze f i lm  bear ing .  For each problem t h e  asymptot ic  

formula t ion  ( a -f m) is  used (Ref. 4 ) .  

Spher i ca l  Squeeze Film Bearing without Rota t ion  

The asymptot ic  normalized l u b r i c a t i o n  equat ion  f o r  t h i s  problem (see Fig.  1 )  

i s  (Refs. 4 ,  6 ) :  

- 
a H  1 

. 3 Y m 2  - . 0, . . . . . . . .  (1) a e  a e O j  

where Ym = PH, 

H = H +.€cos@ COST, . . . . . . . . . . . . .  (2) 
0 

= 1 + nz cos@ + rl s in@ cos(@-a) : 
R 
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HO f (@,e)  = - 
2 2 

t 1 1 aHO - s i n @  cos@ H - - s-.12@ - 2 0 2  a @  
1 
2 = - s i n  (COSWrlz) = f 

3 

1 - rl s i n @  s in (@-a)  2 R  
1 aHo f (@,e)  = --- = 

4 2 a e  

and f (@,€I) = 0. 
6 

Thus, t h e  s o l u t i o n  of Eq. (1)  with boundary cond i t ions ,  (Eq. 31, i s  found numeri- 

c a l l y ,  i.e. t h e  d i s t r i b u t i o n ,  Ym2 (@,e)  i s  obta ined  by so lv ing  Eqs. ( 4 )  and (5) 

wi th  boundary cond i t ions ,  Eq. (3) ,by applying numerical  technique summarized i n  

Appendix I. 

S t a t i c  Performance Parameters of Sphe r i ca l  Bearing 

Upon ob ta in ing  t h e  d i s t r i b u t i o n  of Ym2 t h e  fol lowing s teady  s ta te  parameters are 

c a l c u l a t e d  by Simpson's quadrature  formula. 

Mean Axial Force, 

Mean Radial  Force,  
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CYLINDRICAL SQUEEZE FILM BEARING WITHOUT ROTATION 

The asymptot ic  normalized l u b r i c a t i o n  equat ion  f o r  t h i s  problem ( s e e  Fig.  2) 

is (Refs. 4 , 5 ) :  

where 

Y = PH, 
m 

H = H + E ( & )  C O S T ,  E ( < )  = E [l+ar;*] 
0 0 . . . . . . . . . . .  (9)  and H~ = 1 + qR cos@-e ) + i+ C O S ( B - B  ). R r 

The boundary condi t ions  f o r  t h i s  problem, corresponding t o  Eq. (8) are: 

Y ts,e) - - yrm2 (< , e+2n)  
W 

. . . . . . . . . . . . . . . . . . .  (10) a e  5 , e + 2 ~  

and 

i = 1 , 2  yW 2 (<,,e) = Ho2(si,e> + - 3 E [l+a12 , 2 0  

where 

'I;] = ( + I  
According t o  the  numerical  technique descr ibed  i n  Appendix I ,  Eq. (8) must be 

expanded t o  t h e  genera l  form o f :  
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and f (<,e) = 0 . . . . . .  .'. . . . . . . . . . . . . . . . . . .  ti21 
6 

Thus, as i n  t h e  previous problem, t h e  d i s t r i b u t i o n  of Ym2 (<,e) is obtained 

by s o l v i n g  Eqs. (11) and (12) w i t h  boundary cond i t ions ,  Eqs. ( lo),  by applying 

t h e  numerical  technique summarized i n  Appendix I. 

S t a t i c  Performance Parameters f o r  C y l i n d r i c a l  Bear ing  

Upon ob ta in ing  t h e  d i s t r i b u t i o n  of 1ym2 t h e  fo l lowing  s teady  s ta te  parameters 

are c a l c u l a t e d  by Simpson's quadra ture  formula. 

Mean Radia l  and Tangent ia l  Forces 

where B = 8 - BR. 

Mean Radial  and Tangent ia l  Momem 

where 0 = eR-er. 

P e r t u r b a t i o n  Analysis  f o r  t h e  Cy l ind r i ca l  Squeeze Film Bearing 

I n  a d d i t i o n  t o  so lv ing  t h e  c y l i n d r i c a l  squeeze f i l m  bear ing  problem by t h e  

numerical  procedure descr ibed  above a per , turbat ion technique is  a l s o  used t o  

s o l v e  Eqs. ( 8 ) ,  (9) and (10) and is repor t ed  below. 
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Consider t h a t  one may express  Ym2 ( < , e )  by t h e  equat ion  

ym2 (< , e )  = Q, + 'I, Q,(s) cos(e-eR) + Q ~ Q ~ ( c )  cos(e-e,), . . . . .  (15) 
where 

'I,, nr << 1. 

S u b s t i t u t i n g  Eq. (15) i n t o  Eq. ( 8 ) ,  one ob ta ins  t h e  fol lowing t h r e e  equat ions:  

. . . . . . . . . . . . . . . . . . .  
Q I  = 0 (16) 
D 2 1 a2~,(s) 

= 0 . . . . . . . . . . . . . . .  (17) 

D 2 a  i a  ( c )  aspas 01 
1 

Qo - 7 QR(C) + ( c 

The f i r s t  two boundary condi t ions  of Eq. (10) are a l r eady  implied by Eq. (15), 

wh i l e  t h e  t h i r d  boundary condi t ion  of Eq. (10) is  s i m p l i f i e d  by t h e  p e r t u r b a t i o n  

technique  t o  

3 
2 0  ym2 (+e)  . 1 + -  E 2[1+a]2 + 2'1, cOs(e-8,) + 2 5 ' 1 ~  cos(e-er) .  . . .  (19) 

Comparing Eq. (15) wi th  Eq. (19) while  looking f o r  a s o l u t i o n  t o  Eqs. (16) ,  

(17) and (18) one ob ta ins  t h e  following: 

. . . . . . . . . . . . . . . . . . . .  (21) 
Thus, cos%< L }  

Q, = 24, + W - Q ~ )  .j coshyj 

Thus, . . . . . . . . . . . . . . . .  (22) 

Qr = 2QoC - 2 (Qo-l> 
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Per turbed  S t a t i c  Performance Parameters o f _ _ Q l i n d r i c a l  Bear ing  

Because of symmetry t h e  s i n 6  components of f o r c e  and moment are e x a c t l y  zero.  

Upon s u b s t i t u t i n g  t h e  r e s u l t s  f o r  Qo, Q, and Q 

i n t o  Eq. (15) and then s u b s t i t u t i n g  Eq. (15) i n t o  Eqs. (13) and (14) one Obtains 

t h e  results f o r  t h e  t r a n s l a t o r y  and angular  s t i f f n e s s e s .  Thus, 

from Eqs. (20),  (21) and (22) r 

and 

sinh ( L 1 (5) [ l - ~ ~ ( < ) ] - " j d ~  (24) 

[ s i n h  j 

Conical  Squeeze Film Bearing Without Rotat ion 

The asymptot ic  normalized l u b r i c a t i o n  equat ion  f o r  t h i s  problem ( s e e  Fig. 3) is 

(Kef. 4) : 

where, Y- = PH 

H = Ho + ~ ~ ( 5 )  s i n r  COST . . . . . . . . . . . . . . . . . . . (26) 

H~ = 1 +  n, s i n r  + 0, cosr  cos(0-8 ) + n L cos(e-er) R r 52 
and 

(27) E<(<)  = E [I + a ( ~ - 5 , ) ~ l  . . . . . . . . . . . . . . . . . . .  
51 

In  Eq. (27 ) ,  n can be e i t h e r  1 /2 ,  1 or 2 depending upon t h e  shape of t h e  excursion 

d e s i r e d .  The va lues  of n prev ious ly  given correspond r e s p e c t i v e l y  t o  a drooping, 

l i n e a r ,  or bulging shape. 
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- a \ym2 

a e  

The boundary condi t ions  f o r  t h i s  problem, corresponding t o  Eq. (25) are: 

. . . . . . . . . . . . . . . . .  9 (28) 
ayrm2 

ae = -  

5 9 8  5 ,  e + 2 ~  

Following t h e  same procedure as i n  t h e  previous two cases ( s p h e r i c a l  and cy l in-  

d r i c a l  bea r ings ) ,  Eq. (25) i s  expanded t o  t h e  form o f ,  

The d i s t r i b u t i o n  of Ym2 (<,e) is  obtained by so lv ing  Eqs. (29) and (30) s u b j e c t  

t o  boundary cond i t ions ,  Eqs. (28) by applying t h e  numerical  technique summarized 

i n  Appendix I. 

S t a t i c  Performance Parameters of Conical Bearing 

Upon o b t a i n i n g  t h e  d i s t r i b u t i o n  o f  Ym2 t h e  fol lowing s t e a d y  s ta te  parameters 

are c a l c u l a t e d  by applying Simpson's quadra ture  formula. 
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Mean Radia l  and Tangent ia l  Forces due t o d i a l  Displace-meg 

f dSd8 . . . . . . ( 3 1 )  ‘i s i n  @-eR) 
t 

R Center  of P res su re  Associated w i t h  n 
-- 

Mean Radia l  and Tanpent ia l  _----I-- Forces due t o  AnguLarDisplacenent 

Center  of P res su re  Associated wi th  n r  
----- 

-COS ( e-er) 

( 3 4 )  - - 

The l o c a t i o n  of t h e  c e n t e r  of  pressures  can be  descr ibed  by i t s  a x i a l  d i s t a n c e  

(measured away from t h e  apex) from t h e  mid-point d iv ided  by t h e  he igh t  of t h e  

cone. This  can be  expressed as: 
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R 
1+ r;L 

6p = i 5, cosr - 2 -.] f . . . . . . . . . . . . . . . .  (35) L 

f 3 R i  where 5 corresponds to 
X 

In eqs. (31) and (33) + = [. -1: []R2 cotr . . . . . . . . . . . .  
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RESULTS --- 

The r e s u l t s  of t h e  p e r t u r b a t i o n  ana lys i s  f o r  t h e  c y l i n d r i c a l  squeeze f i l m  

bear ing  are given by t h e  eqs ,  (23 )  and ( 2 4 ) .  These eqs.  have been in tegra ted .  

numerical ly  using Simpson's quadrature  formula. The r e s u l t s  have been p l o t t e d  

i n  Figs .  4 through 8. 

The d i scuss ion  which fo l lows  r e f e r s ,  a t  a l l  t i m e s ,  t o  t h e  normalized v a r i a b l e s .  

I n  Figs .  4 through 7 i t  is apparent t h a t  t h e  t r a n s l a t o r y  s t i f f n e s s  ( r a d i a l  

fo rce )  and t h e  angular  s t i f f n e s s  ( r a d i a l  moment) i n c r e a s e  monotonically wi th  in-  

c r eas ing  excurs ion  r a t i o .  Also,  the more uniform t h e  excursion is  (a + 0) t h e  

h ighe r  t h e  r a d i a l  f o r c e  and moment. One can a l s o  conclude t h a t  t h e  smaller t h e  

s lenderness  r a t i o ,  t h e  more e f f e c t  t h e  excurs ion  non-uniformity has  on t h e  

bear ing  performance, e s p e c i a l l y  a t  s m a l l  excurs ion  r a t i o .  For example, cons ider  t h a t  

f o r  L/D = 0 .5 ,  t h e  r a d i a l  f o r c e  is reduced by a f a c t o r  of 4 when 'a' i s  changed 

from 0 t o  -0.8. However, f o r  L/D = 10.0 t h e  r a d i a l  f o r c e  i s  reduced by  only 

a f a c t o r  of 2 when 'a '  i s  changed from 0 t o  -0.8, a t  E = 0.1. The moment f o r  

L/D = 0.5 i s  reduced by a f a c t o r  of 7 when 'a '  i s  changed from 0 t o  -0.8. With 

L/D = 10.0 t h e  moment is  reduced by a f a c t o r  4 when 'a '  is  changed from 0 t o  -0.8, 

a t  E = 0.1. When a = -0.8 ( l a rge  degree of non-uniformity) t h e r e  i s  only 

a s l i g h t  change i n  t h e  normalized v a r i a b l e s  when L/D is  va r i ed  from 0.5 t o  10.0 

f o r  a l l  excursion r a t i o s .  

0 

0 

I n  Fig.  8 t h e  e f f e c t  of L/D is shown on t h e  normalized r a d i a l  f o r c e  a t  va r ious  

mid-plane excurs ion  r a t i o s  

(a -+ 0) .  Notice t h a t  L/D has  l i t t l e  e f f e c t  a t  l a r g e  excursion r a t i o s ,  E > .8. 

However, t h e  normalized r a d i a l  force  is  lower by a f a c t o r  of approximately 

2.5 as L/i) i s  inc reased  from 0.5 t o  a a t  E = .l. 

when t h e  r a d i a l  excurs ion  i s  p e r f e c t l y  uniform 

0- 

0 

For a quick estimate of performance one can use  t h e  fol lowing formulae f o r  

determining t h e  t r a n s l a t o r y  and angular  s t i f f n e s s e s  of a c y l i n d r i c a l  squeeze 

bear ing:  ( E ~ Q  0 . 4 )  
PaLD 

\ = 0.3  - ( l b / i n )  C 
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PaL3D % = 0.02 c , ( i n .  l b / r a d )  

Table I, I1 and 111 con ta in  r e s u l t s  f o r  t h e  Squeeze Film Bearing obta ined  

wi th  t h e  a i d  of t h e  computer. 

Table I conta ins  t h e  only ex tens ive  r e s u l t s  f o r  t h e  l a r g e  r a d i a l  displacement 

problem. These r e s u l t s  are f o r  the  s p h e r i c a l  bea r ing  descr ibed  i n  Ref. 6 .  

The geometry is set wi th  0 = 41.5' and H,= 68.0°. The a x i a l  e c c e n t r i c i t y  r a t i o  

i s  zero  and t h e  a x i a l  uniform excursion r a t i o  is  set a t  0.5. A computer program 

check i s  made by comparing t h e  f i n i t e  d i f f e r e n c e  r e s u l t s  a t  s m a l l  n 
p e r t u r b a t i o n  a n a l y s i s  r e s u l t s  of Ref. 6 ,  (given as a foo tno te  on Table I) .  

1 

wi th  t h e  R 

The i n t e r e s t i n g  p o i n t s  brought out by t h e  t a b u l a t e d  d a t a  of Table I a r e .  

a)  There is a s t i f f e n i n g  e f f e c t  i n  both t h e  a x i a l  as w e l l  as t h e  r a d i a l  

d i r e c t i o n  as nR is  increased .  

b) As n is inc reased  by a f a c t o r  of six from 0.1 t o  0.6 t h e  axial load  R 
capac i ty  i s  increased  by a f a c t o r  of 1 .5 ,  t h e  r a d i a l  load  capac i ty  is  

increased  by a f a c t o r  of 9 ,  and t h e  r a d i a l  s t i f f n e s s  is increased  by 

a f a c t o r  of 'L 3.5. 

0 Table I1 and Table 111 are given e s s e n t i a l l y  t o  show, as a computer program 

check, t h e  comparison of t h e  f i n i t e  d i f f e r e n c e  r e s u l t s  wi th  t h e  p e r t u r b a t i o n  

a n a l y s i s  r e s u l t s  f o r  t h e  c y l i n d r i c a l  and c o n i c a l  bear ing  wi th  e i t h e r  s m a l l  

angular  o r  s m a l l  r a d i a l  displacement. 

Not ice  t h a t  a l l  comparisons made i n  Tables I ,  11, and 111, are extremely 

good comparisons and checks between f i n i t e  d i f f e r e n c e  r e s u l t s  and p e r t u r b a t i o n  

technique  results. 
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DISCUSS IONS AND CONCLUSIONS 

A computer program has  been w r i t t e n  and "debugged" and now provides  a u s e f u l  

t o o l  f o r  gene ra t ing  des ign  d a t a  f o r  t h e  non-rotat ing s p h e r i c a l ,  c y l i n d r i c a l  and 

con ica l  squeeze f i l m  bear ings .  Large r a d i a l ,  a x i a l  and angular  displacement d a t a  

can b e  obtained. A complete d i scuss ion  of t h e  program and numerical  technique 

is  given i n  t h e  Appendices. 

Some r e s u l t s  are provided f o r  a s p h e r i c a l  bea r ing  of a p a r t i c u l a r  geometry t o  

show t h e  e f f e c t  of r a d i a l  displacement on t h e  bear ing  performance. A l l  t h r e e  

parameters, a x i a l  l oad ,  r a d i a l  load and r a d i a l  s t i f f n e s s  i n c r e a s e  w i t h  inc reas ing  

r a d i a l  displacement. 

Exce l l en t  comparisons and computer program checks are given between t h e  f i n i t e  

d i f f e r e n c e  results and t h e  r e s u l t s  from t h e  p e r t u r b a t i o n  ana lyses  f o r  a l l  t h r e e  

bea r ing  conf igu ra t ions  . 
A p e r t u r b a t i o n  a n a l y s i s  ( smal l  r a d i a l  displacement) f o r  t h e  c y l i n d r i c a l  squeeze 

f i l m  bear ing  is given. Design d a t a  is  provided i n  c h a r t  form i n  Figs .  4 through 8. 
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NOMENCLATURE 

Symbol 

AR 
a 

e 

C 

C.P. 

D 

F 

f = F  

f 

G 

- 

n,n=1,2,3..,  

H 
H 
h 

K 

L 

R 

0 

1.1 

m - M  

P 

- 

P 

Pa 

QO 

QR 

Qr 
R 

R1 
r 

t 

Z 

Meaning 
Radia l ly  p r o j e c t e d  bea r ing  area (see Eq. 3 6 ) ,  i n  2 . 
Degree of axial  non-uniformity of excurs ion  ( a 4  i s  a p e r f e c t l y  

uniform excursion).  

Excursion, i n .  

Mean bear ing  gap, in .  

Symbolization f o r  cen te r  of pressure .  

Jou rna l  bea r ing  diameter ~ i n .  

Force,  o r  load  capac i ty  (Temporal average),  l b .  

Normalized Force. 

C o e f f i c i e n t s  of p a r t i a l  d i f f e r e n t i a l  equat ions .  

Force,  o r  load  capac i ty  due t o  angular  displacement (Temporal 

average) ,  l b .  

Normalized bea r ing  gap, h/C. 

Temporal average of H over one pe r iod  of squeeze motion. 

Local bear ing  gap, in. 

S t i f f n e s s ,  Temporal average  ( l b / i n  o r  i n . l b / r a d ) .  

Jou rna l  bea r ing  l eng th ,  in .  

Height of frustum of cone, in .  

Moment, Temporal average ( i n .  l b )  . 
Normalized moment. 

Normalized p res su re ,  p/pa. 

G a s  Film p res su re ,  p s i a .  

Ambient p re s su re ,  p s i a .  

Ym2 f o r  t h e  re ference  concen t r i c  p o s i t i o n .  

P e r t u r b a t i o n  o f  Yw2 due t o  qR. 

P e r t u r b a t i o n  of Yw2 due t o  q r .  

Radius of sphere  or  l a r g e r  base  of cone frustum, i n .  

Radius of smaller b a s e  of cone frustum, i n .  

Conical r a d i a l  coord ina te ,  in .  

T i m e ,  sec. 

Axial dimension, in .  
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B 
r 
6 = C.P, 

P 

E = e/c  

E: 

E 
0 

5 
5 

rl 

0 

e 

e-eR . 
Half cone angle. 

Normalized ax ia l  l o c a t i o n  of cen te r  of p r e s s u r e ,  measured 

from mid-point away from t h e  cone apex (See eq. 35). 

Normalized excurs ion ,  o r  excursion r a t i o  . 
C y l i n d r i c a l  bea r ing  a x i a l  mid-plane excurs ion  r a t i o  . 
Conical bea r ing  axial excurs ion  r a t i o .  

Conical  bea r ing ,  r / R ;  C y l i n d r i c a l  bea r ing ,  z / (L /2 ) .  

Normalized e c c e n t r i c i t y ,  o r  e c c e n t r i c i t y  r a t i o .  

8 -8 

Angular coord ina te  i n  desc r ib ing  con ica l ,  c y l i n d r i c a l ,  o r  
R r *  

s p h e r i c a l  (meridian) bear ing  . 
t n  . 
Azimuthal ang le  of s p h e r i c a l  bear ing.  

PH. 

Squeeze frequency. 

S u b s c r i p t s  - S u p e r s c r i p t s  

132 r e f e r s  t o  ambient p e s s u r e  ends of bear ing.  

cn r e f e r s  t o  asymptot ic  approximation, i .e .  R very  l a r g e  . 
R r e f e r s  t o  r a d i a l  d i r e c t i o n  . 
z r e f e r s  t o  axial  d i r ec t ion .  

T r e f e r s  t o  t a n g e n t i a l  forces .  

r r e f e r s  t o  angular  motions. 

Bar( - ) refers t o  normalized va r i ab le .  
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I + ; - : :  1 

4 -  
I 

I 

- I '  
L . L -  < t  

M -- 

APPENDIX I 

- a  

NUMERICAL INTEGRATION SCHEME 

Given D.E., 

( A . l )  azo a 2o a o  a o  f 7 + f  7 + f  - + f  - + f @  = f  . . . . . . . . . . .  
1 ax 2 aY 3 ax 4 aY 5 6 

Each column ( j )  of equat ions  can b e  w r i t t e n  i n  t h e  form 

Discussion on elements of A, B ,  C ,  k ( Cent ra l  d i f f e r e n c e  approximation) 

1. I f  i , j  is  a r e g u l a r  f i e l d  point 

- 1 1 
A j , i , i - l  - f l i j  p - f 3 i j  

a l l  o t h e r  A E 0 f o r  any "r** d i f f e r e n t  from i, i-1, i+i . 
j , i , r  



~ 
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1 - 1 - 
€3' J ~ i ~ i  - f 2 i j  3 - f 'tij  2Ay 

2.  I f  i , j  is a po in t  where @ is s p e c i f i e d ,  (boundary p o i n t ) ,  i j  

j , i  = Qij  
F 

This s p e c i f i c a t i o n  a p p l i e s  t o  t h e  axial extremes of t h e  c y l i n d r i c a l  and c o n i c a l  

squeeze f i l m s ,  and t h e  azimuthal  angular  extremes of t h e  s p h e r i c a l  squeeze 

f i lm.  

3. I f  i , j  is  on a l i n e  of symmetry 

a )  L e f t  l i n e  of symmetry (j=1) 

L - C j ,i,i - f 2 i j  byz 

All o t h e r  elements as i n  (1) above. 
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I -  

b) Right line of symmetry (j-N) 
c) 

c z  0 

All other elements as in (1) above. 

This specification applies to the spherical squeeze film at y = 0,a. 

angular speed of rotation 

(Meridianal 

is zero). 

4 .  If i,j is on a butt joint. 

a t i = l  
1 

A does not appear. j ,i,i-1 

All other elements as in (1) above. 

A t i = M  

A does not appear. j ,i,i+: 

All other elements as in (1) above. 

For this specification the last points in the x direction are then CP i=M-l , j 

This specification applies to both the cylindrical and conical squeeze film 

in the circumferential direction. 
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I 

Solu t ion  of Equations 
l -  

There exist  r e l a t i o n s  such as 

= [ D j ]  0. +Bj . . . . . . . . . . . . . . . . . . . . . . .  ( A . 3 )  
J 0 j - i  

S u b s t i t u t i n g  t h i s  Eq.  i n t o  ( A . 2 ) ,  

L e t ,  

[ K j l  = [[Aj] + [ B j l  [ D j I  1 - l .  . . . . . . . . . . . . . . . .  (A. 3a) 

Then, 

Comparing ( A . 4 )  wi th  ( A . 3 ) ,  

[D .  1 = - [ K j l  [cjl . . . . . . . . . . . . . . . . . . . . . . .  ( A . 5 )  
J+1 

and 

On j = 1, B i s  always zero  and Eq. ( A . 2 )  is  

[ A l l  01 + [ C l l  02 = P1. . . . . . . . . . . . . . . . . . . .  (A. 6 )  

P u t t i n g  ( A . 6 )  i n  t h e  form of ( A . 3 )  
I 

01 = [ C l ]  @2 + [ A l l e 1  . . . . . . . . . . . . . . . . .  ( A . 7 )  I 

Comparing ( A . 7 )  with  ( A . 3 )  
~ 

[ D z l  = -[A1 I-1 I C 1  I . . . . . . . . . . . . . . . . . . . . . . . .  ( A . 8 )  

and 

F z  = k 1 - l  k l *  . . . . . . . . . . . . . . . . . . . . . . . .  ( A . 9 )  
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P r o c e d u r e o r  Ca lcu la t ion  

a )  Se t  [ D  ] = IE d = 0 
1 1 N + l  

b) Use Eqs. ( A . 3 )  and ( A . 5 )  

f o r  j = 1 + N ,  

and save [Dj+l l .  IEj+l 

i , j  ' c) Use Eq. ( A . 3 )  t o  c a l c u l a t e  @ 

f o r  j = N + 1 * 2 .  

Save @ j-1' 

This procedure has  been programmed, and i s  c a l l e d  SUBROUTINE R I N O 1 .  (See 

Appendix I1 f o r  l i s t i n g ) .  
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APPENDIX I1 

COMPUTER PROGRAM DISCUSSION AND LISTING 

The computer program is  comprised of an execu t ive  program and f i v e  sub rou t ines .  

The execut ive  program performs some pre l iminary  c a l c u l a t i o n s .  However, its 

primary func t ions  are t o  read input  and punch output  bes ides  c a l l i n g  on  t h e  

subrout ines  t o  perform t h e  bulk  of t h e  computation. 

The f i v e  subrout ines  .are t i t l e d  RINO1,  MATINV, STORE, TOTAL, and SUM. 

R I N O l  performs t h e  numerical  i n t e g r a t i o n  as descr ibed  i n  Appendix I. 

MATINV i s  c a l l e d  upon by R I N O l  t o  i n v e r t  t h e  necessary  matrices. 

STORE is  c a l l e d  upon by t h e  execut ive  program t o  d e f i n e  and s t o r e  i n  COMMON 

s t o r a g e  t h e  c o e f f i c i e n t s  ' 'fnri. 

SUM i s  t h e  Simpson's r u l e  i n t e g r a t i o n  scheme. 

TOTAL is used i n  conjuc t ion  wi th  SUM t o  perform a two-dimensional i n t e g r a t i o n  

by Simpson's r u l e .  

INPUT 

The i n p u t  c o n s i s t s  of only t h r e e  cards ,  namely: a t i t l e  card ,  c o n t r o l  card  and 
bea r ing  s p e c i f i c a t i o n  card.  These th ree  ca rds  are def ined  as fol lows:  

1. TITLE CARD 

Anything may be punched i n  columns 2-72. 

2. CONTROL CARD Format (1615) 

ITEM # (6 i t e m s )  

1. NBRG, Control  number spec i fy ing  bea r ing  t o  b e  ca l cu la t ed .  

1 - SPHERICAL 

2 - CYLINDRICAL 

3 - CONICAL 

2. MDIAG,  Control  number used fo r  "debugging" program. 

0 - No d i a g n o s t i c  ou tput  - used f o r  product ion runs  

1 - Diagnos t ic  ou tput  - used f o r  "debugging" runs 



I 

-24- 

, 

3. - M y  To ta l  number of  g r i d  po in t s  i n  'x '  d i r e c t i o n .  Maximum = 25 

4 .  - N ,  To ta l  number of g r i d  po in t s  i n  'y '  d i r e c t i o n .  M a x i m u m  = 19 

Suggested va lues  t o  b e  assigned 'M' and ' N ' :  

N - M - NBRG BEARING - 
SPHERICAL 1 Q = 9  8 = 19 

CYLINDRICAL 2 8 = 25 5 = 19 

CONICAL 3 8 = 25 5 = 9  

ITEM # 
5. LC, Control  number spec i fy ing  las t  case t o  be  run. 

0 = Program c o n t r o l  r e t u r n s  f o r  3 new i n p u t  cards .  

1 = L a s t  case. 

(Continuat ion of card 2) 

6 .  ISIG, S p e c i f i e s  shape of excursion d e s i r e d  i n  con ica l  bea r ing  c a l c u l a t i o n .  

Not used i n  s p h e r i c a l  o r  c y l i n d r i c a l  bear ing  c a l c u l a t i o n s .  

1 - Drooping 

2 - Linear  

3 - Bulging 

3. SPECIFICATION CARD Format (8E10.3) 

This  card is d i f f e r e n t  f o r  each type  of bear ing .  

SPHERICAL BEARING (5 i tems)  

ITEM # 

1. ETAZ; q,, Axial e c c e n t r i c i t y  r a t i o  

2. ETAR; q Radial  e c c e n t r i c i t y  r a t i o  

3. PHI1, (pl, P o l a r  angle  i n  degrees (Q > 0 )  

4 .  PHI2; Q Equa to r i a l  ang le  i n  degrees  

5 .  EPS; E ,  Axial excursion r a t i o  

R' 

1 

z 9  

CYLINDRICAL BEARING ( 6  i t e m s )  

ITEM f 

1. ETAR, 

2. ETAD, 

3. ELD, L/D,  Slenderness  r a t i o  

Q ~ ,  Radia l  e c c e n t r i c i t y  r a t i o  

q r ,  Angular misalignment r a t i o  
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4 .  THET; 0 ,  Reference ang le  i n  degrees  between r a d i a l  displacement p lane  

and angular  misalignment p l ane  

5. A; a, Degree of axial  non-uniformity of  excurs ion  

6. EPSO; Radial  excursion r a t i o  a t  bea r ing  axial c e n t e r  p lane  

CONICAL BEARING ( 8  items) 

1. ETAZ; nz, Axial e c c e n t r i c i t y  r a t i o  

2. ETAR; %, Radia l  e c c e n t r i c i t y  r a t i o  

3. ETAT; qr, Angular misalignment r a t i o  

4 .  RR, R1/R, Inner  t o  o u t e r  radius  r a t i o  

5 .  TAU; r ,  One-half apex angle  of cone 

6 .  EPSl ;  E ,Rad ia l  excursion r a t i o  a t  5 = 

7. A; a, Degree of a x i a l  non-uniformity of excursion 

8. THET, 8, Reference ang le  i n  degrees  between r a d i a l  displacement 

p lane  and angular  misalignment plane.  

OUTPUT 

The output  is s e l f  explanatory.  It  c o n s i s t s  of a pr in t -out  of t he  inpu t  and 

a l s o  t h e  c a l c u l a t e d  r e s u l t s  which are t h e  s ta t icper formance  parameters explained 

i n  t h e  a n a l y s i s  s e c t i o n .  See pages 39-41 f o r  t y p i c a l  ou tput  s h e e t s .  



c.- __ A N A L Y S I S  OF SQUEEZE F I L M  BRGS U S I N G  R I N O S  i4ETHOD 
C A N A L Y S I S -  S a B a  MALANGSKI 1 0 / 1 8 / 6 5  

- c  N B R G = l  ,SPHERICAL B E A R I N G  
C =2  , C Y L I N D R I C A L  BEARING 
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C =3 ,CONICAL BEARING 
D I M E N S I O N  Q ( 2 0 , 2 5 ) , S U Y 1 1 2 0 , 2 5 ) , F Z 1 ( 2 ~ ) , ~ Z 2 ( 2 5  1 
COMMON Q T Y , P T D E L T I  , D F L T J  
D I M E N S I O N  A F 1 ( 2 O , 2 5 ) , A F 2 ( 2 ~ ~ ~ 2 2 5 , , A F 3 ( 2 C , 2 5 l r A F 4 ( 2 C , 2 5 ) r A F 5 ( 2 O r 2 5 ) ,  

CS=COS ( A Y G )  
S I = S I N  ( A N G )  

- T 3 =  E T A Z * C S + l  a 0  
T 4 = E T A R * S I  
T 5 =  SI*SI  

T 6 =  ( C S + $ T A Z ) * T 7  
T 7 =  T 7 * E t A R  
T 8 =  2oO*T5  
s I 2 P = C S * S I  

T 7 =  O a 5 * S I  

S I P Z ( I ) = T 5  
EPCS=EPSQ*CS*CS 

6 DO 10 J = l , N  
. T 9 = C S J ( J )  

T l O = S I S  ( J )  
T 1 6 = ( T 9 * T 4 + T 3 )  
T 1 2 = 0 * 5 * T 1 6  



. 

T 1 1 5 T 5 * T  12 
T I  3 = T 6  



S I J J l.=_IZ-__ 
; I Z P = S I Z P + D E L T J  
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S LJ :4 1 ( J 9 I 1 = - C S + T 1 1 

T 1 l = S I  2 P S T 1 1  
S U Y 3 ( J 9 1  ) = - T 4 * T 1 1  
S U : < 4 ( J , I ) = T 5 * T 1 1  

SL'XZ ( J I )=sI-*Ti 1 
_. 

2 9  C O N T I N U E  

30 CO N T I N U E  --..--- ANG=ANG+UELT I 

KLUE= 1 
M = M - 1  
GO TO 1 3  

3 1  M = M + l  

IF(MDIAG1 31693179316 
3 1 6  DO 3 1 8  J=l,N 
318 P R I N T  1 0 5 9 ( Q ( J 9 1 1 9 1 = 1 9 M )  
317 C A L L  TOTAL(SUM1,FR) 

C A L L  T O T A L ( S U M 2 r F T )  
FT=Oo25* F T  
C A L L  TOTAL ( S U M 3 9 E M D R )  
EMDR=Oo125+EMDR 

FR=Oo 2 5*FR 



C A L L  TOTAL(SUM4,EMDT) 
EMDT=Om125*EMDT 
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P R I N T  108  
P R I N T  500,FR,FT,EMDR,EMDT 

-_ _. 

- GO TO 9 9  
i B E G I N  C O N I C A L  COMPUTATION 

3 3  READ 1 0 2 , E T A Z q E T A R , E T A T , R R , T A U , E P S 1 , A  9THET 
P R I N T  109  
P R I N T  1 0 2  ~ E T A Z I E T A R  9ETAT , R R  ,TAU 9EPS1 ,A 9THET 
T A U R = T A d * O . 0 1 ? 4 5 3 2 9  

-I.--p. -I--._-- -- -__ 

T 3 = 1 * 3 + E T A Z * S C  
L_-. -- - _-___I - 

T 6 2  =ETAR*CC 

S I = S I N  ( A N G )  
S3=ANG+THETR 

__.-. T4=COS ( S 3 )  
T 5 = S I N  ( 5 3 1  
T 7 = T 6 0 * C S  
T b = T 6 0 * S  I 
Z =Z 1 -DE L T  J 
DO 3 9  J=lrN 
EP2 = E Z ( J )  
Z = Z + D E L T J  

- Z O Z = Z / Z Z * E T A T  
T 1 6 = T 3 + T 7 + 2 0 2 * T 4  



3 2 0  C A L L  T O T A L  ( S L J ? . i l , F R  1 
F R = F R * F A ~  
C A L L  T O T A L  (SLib:2 9 F T  1 
F T = F T * F A C  

__i . 

P R I N T  2 1 1  
P R I N T ~!)~,CPR-,CP T T C  P R M,C P TT4- 

----- - _--- 99 I F ( L C 1  1,19999 
' 9 9 9  STOP 
100 F O R M A T ( 7 2 H l  

1 
01 F O R M A T ( 1 6 1 5 )  



-31- 
- 1 0 2  F O R M A T ( 8 E l O . 3 )  -~~ _ _  _.___ 

1 G 3  FORMAT ( 3 2 H 3 N B R G -  - r iDI M N L C  I S I G )  
1114 F O R M A T  ( 4 6 H O  E T A - Z  E T A - R  ..-- P r l I - 1  PHI-2 EPS 1 
l C 5 - f O R M A T ( 6 ( 1 X l P E l l o 4 )  1 
1 L 6  F G R P A T  ( 2 7 H O  F C R C E - Z  FORCE-R __ 1 
107 F O R M A T  ( 5 8 H O  E T A - R  ETA-I.'I L / 3  P H A 5 E -P-'i k EPS 

-___ _-__ _ _ _  1-3 1 

1 T  1 

1 A  1 

168 F O R K A T ( 5 7 H O  FORCE-R FGRCE-T TOR3UE-R T 0 S F j  E-- 
- _-.-- ~ . --I-_ - 

2 3 8  FGRr4AT ( 57H9 FORCE-RR F C R C E - T R  FOi lCE- !?A  F32CE-T 

139  F O R M A T  ( 7 9 r l 2  E T A - L  E T A - R  E T k - '4 3 R iT---- G A ;*; :4 A E P S -  

5C2 F G R Y I A T ( ~ ( ~ P E ~ ~ ~ ~ )  1 - - - - __ - 

-- - __ -_ - __ ~ -- - - __ 

- - __ ~- 11 A PrlASE-:.;) 
2 11 FCR?4AT ( 4 0 H G  CPR CP T CPR!! C P-T :4 )- -- 

-- -. 
E h D  



c ___ N O T A T I O N  ARID N O T E S  
C A =  A T R I  D I A G O N A L  M A T R I X  
C 
c 
C 
C 
c 
C 
c 
c: 

. ..  . 

C T H E  I N T E R N A L  L C 3 P  I X  I 
--.__I--- . __ 

DO 4 2 6  I= l , : . l  

- 260 I F ( 1 - M I  270,293,290 

270  A ( I , I - l ) = A F l ( J 9 I ) * D E L X 3 - A F 3 ( J , I ) + D E L X 2  
A ( I , I + l ) = A F l ( J , I ) * D E L X 3 + A F 3 ( J ~ I I * D E L X 2  
GO TO 4 2 0  

C I,J= A R E G U L A R  F I E L D  P O I N T  

C I I J  IS A P O I N T  ON A L I N E - O F  S Y M M E T R Y  
290 I F ( K L U E 1  291,291,292 

C B o )  BOTTOM L INE OF S Y M M E T R Y , I = M  
i ' - 291 A(M,M-l)=2mO+AFl(J,M)*DELX3 



GO TO 400 
BOTTOM J d I N T  r 

b. 

THE MATRIX  A U L T I P L I C A T I O N  O F  THE MATRICES D ( J 9 1 9 1 )  AND P H I ( J )  
DO 460 I = l , M  

__ C 

I F ( N P ( N 1 9 1 ) )  46094459460 
445 P H I ( N l , I ) = O  

DO 450 I I = l , M  

PHI(Nl,I)=PHI(Nl,I)+E(N2,I) 
450 PHI(Nl,I)=PHI(Nl,I)+D(N2~I~II)*PHI(N2~II) 

460 C O N T I N U E  
%. 

RETURN 
END . ,: '. 



-++ --  SUBROUTINE M A T I N V ( A w N  9 6  9MgDETERM) 
CMAT I NV 
C 

C i4AT I NV COM''4ENTS 

i * i A T R I X .  I N V E R S I O N  d I T H  ACCOMPANYING SOLUTION OF L I N E A R  EQUATIONS 
I- - ' c  ANF4Ll2 

- -  - 8 

C t.:AXIMUM DI '1ENSION ON I P I V O T  = N 
C ::AXIi iUY D I M E N S I O N  CF; A = N*N 
C f4AXIMUX D I N E N S I O N  ON B = N*K 

C XAXIik1UI.i 2 I i - i E N S I ~ N - ~ N  P I V C T  = N 
,c ;-1AXIMU:\: I>I;4ENSION ON INDEX = N*2  

D I M E N S I O N  I P I V O T ( 2 5  1 , A ( 2 5 , 2 5 ) , C ( 2 5 , 1 ) , I N D E ~ ( 2 5 , 2 )  s P I V O T ( 2 5 )  
€ w L I V A L E N C E (  I R O ~ ' J , J R O ~ )  9 ( IC3LUM,JCOLUM) 9 (AkiAX,T,SWAP) 

DE T ERf.1 
I_-- 

C I N I T I A L I Z A T I O N  
= 1 C 

DO Z C  J = l , N  
2 3  I P I V O T ( J ) = G  

-- ------.-- . .--I_--__I " _-. 

I DO 5 5 0  I = l r N  
C SEARCH FdR P I  V 3 T  ELEkiEiJT 

A :4AX=u  0 
D O  lG5  J = l , N  

I F ( I P I V O T ( J 1  - -1) II-~ 50,195,63 - --- .- - 
6 0  D O  l i 3  K = l r N  

82 IF(A33S ( ~ X ~ - A - ( ~ ( J , ~ ~ ) ) - 8 5 , 1 0 O r l C O  
85  IKO';,=J 

I F ( I P A V C T ( K ) - l )  8 2 , 1 ( \ 2 , 7 4 3  

I C a L U N = K  

1 L C  CGNTIhUE- 
1 0 5  CONTINUE 

- - -  - . .__ _-_._ APiAX=A ( J ,t; 1 

I F I VOT ( I C3LJ ?.I 1 = I P I V 3  T ( I C6cd? 1 + 1 
INTERCHANGE ROWS T O  PLlT P I V O T  ELEMENT 3 N  DIAGONAL 
I F ( I RO!ll- I C O L  'JP 1 

DO 2OL L = l r N  

A ( I R O ~ ~ , L ) = A ( I C O L U X , L )  

I F ( M )  2 6 0 9 2 6 C 9 2 1 2  

S!VAP=B ( I RQifi! 9 L 1 
B ( I RO'h' 9 L 1 =a  ( I C OLUM 

___ C 
1 4 0 9 2 6 r! 9 1 4 8  

1 49  D E T E R :'a =-DE T E R M 
I------I -lll-.-_ 

- Sk!AP=A ( I ROW\ 9 L ) 

-__ 2 3 2  A (  ICOLC?-I,L)=S>:AP 

2 1 C  DO 2 5 0  L = l , Y  -- - - 

L ) 
2 5 5  B( ICOLUM,L)=SLdAP 
260 I N D E X ( I , l ) = I R O W  

I N D E X (  I r2)= ICOL.UM 
PIVOT(I)=A(ICOLUM,ICOLUM) 
DETERM=DETERM*PIVOT( I) 

C D E V I D E  P I V O T  ROW BY P I V O T  ELEMENT 
A ( I C O L U M ~ I C O L U M ) = l . O  
DO. 3 5 0  L = l v N  

I F  ( M I  380,380 ,360 
350 A(ICOLUM,L)=A(ICOLUM,L)/PIVOT(I) 

360 DO 370 L= l ,M 
370 B ( I C O L U M , L ) = B ( I C O L U M , L ) / P I V O T ( I )  

380 DO 550 L 1 = 1 v N  
C REDUCE NON-PIVOT ROWS 

I F ( L 1 - I C O L U M )  400,550,400 



-35- 



RETURN 
END 

-36- 



-33- 

C O M M O N  
NM=N-1 

W t N  t M  t DELT I t D F L T  J - - _ _  - .. - - - - 

-- - ____ -- ._ - MM=M-1 
D O  18 I = l * M  
DO 17 J = l t N  
T 5 =  SQRT ( Q ( J t I ) ) - -  - 

17 FZ l ( J ) =  T 5 * S U N l ( J , I )  
C A L L  SUM(FZ1 t F m N K )  - 
FZ2(I)=FZ*DELTJ -_ 

18 C O N T I N U E  
C A L L  SUM(FZZtFZtM,MM) 
A N S =  FZ*DELT I 
RETURN 
E N D  

- 



- N2zNPM-1  - . -. - _ _  . .I ____ . 
N 3 = 2  

G O  TO 2 
CON=Z*rJ -- ~- .. 

____. 6 Y=Y*.C.3333333 
RETURN 
END 



-39- I 

S r H E R I C A L  B E A R I N G  L A R Q E  E T A - R  l l J A N 6 6  

NBRG MDI H N LE I S I G  
1 0 9 1 9  0 1 

E T A - Z  E T A - R  PHI-1 P H I - 7  E P S  
0 ,  0 . 4 0 0 E - D l  0 . 4 1 5 E  0 2  0.680E 0 2  0 . 5 0 0 E  0 0  

F O R C E - Z  FORCE-R 
4 . 8 1 0 ~ 9 ~ - 0 2  2 , 0 1 9 0 7 5 ~ - 0 3  

NBRG M D I  H N LC I S I G  
1 0 9 1 9  0 1 

E T A w Z  E T A - R  P H I - 1  P H I - ?  E P S  
0 ,  0 , 5 0 0 E - 0 1  0 * 4 1 5 E  0 2  0 . 6 8 0 E  02  0 . 5 0 0 E  00 

FORBE-Z FORCE-R 
4 , 0 1 4 4 4 5 E - 0 2  2 . 5 2 6 2 2 9 P - 0 3  

NBRQ MDI M N L C  I S I G  
1 0 9 1 9  0 1 

E T A - Z  E T A - R  PHI-1 P H I - ?  E P S  
0 1  0 , 6 0 0 E - 0 1  0 , 4 1 5 E  0 2  0.680E 02  0 . 5 0 0 E  0 0  

_Î- -_ 
FORCE-2 F O R C E - R  

4 . 8 1 9 9 2 1 E - 0 2  3 , 0 3 4 9 8 2 F - 0 3  

N I I R G  MbI H N Le ISIQ 
1 0 9 1 9  0 1 

E T A - Z  E T A - R  PHI-1 PHI-? E P S  
0 .  0 , 9 0 0 E - D l  0 . 4 1 5 P  0 2  0 . 6 8 0 E  02  0 . 5 0 0 E  0 0  

F O R C E - Z  FORCE!-9 
4 , 8 4 0 5 9 2 E - 0 2  4.5741UlE-03 

N I R G  MDI M N L e  ISIG 
1 0 9 1 9  il 1 

E T A - Z  ETA-R PHI-1 P H I - ?  E P S  
0 ,  0.100E 0 0  0 . 4 1 5 E  0 2  0 . 6 8 0 E  0 2  0 . 5 0 0 E  00 

N B R G  M D I  H N LC ISIG 
1 0 9 1 9  0 1 

E T A - Z  E T A - R  PHI-1 P H I - ?  E P S  
0 1  0 , 1 1 0 E  D O  0 , 4 1 5 E  0 2  0 . 6 9 0 F  0 2  0 . 5 0 0 E  0 0  



-40- 

CYLINDRICAL B E A R I N G  TRST 11JAN66 

NBRG HBI M N LC ISIG 
2 0 25 1 9  0 1 

I ETA-R ETA-I4 L I D  PHASE-H A EPS-O 
0 1 5 0 0 E - 8 1  0 .  0 ,2c10e 01 0 .  - 0 * 4 0 O E  0 0  0 . 4 0 0 E  0 0  

NBRC flD1 H N LC ISIG 

2 0 25 19  0 1 

ETA-R ETA-H L I D  P H A S E - H  A EPS-O 
0 . 2 0 0 e  0 1  0 .  - 0 . 4 0 0 E  0 0  0 , 4 0 0 E  0 0  

__ . 
- -  

O i i O O E  8 0  0 .  
I 

FORdE-R FORCE-T TORQUE-R TORQUE-T 
3.150529E-02 - 2 . 7 9 5 7 9 9 e - 0 7  - 3 . 1 1 0 6 5 7 E - 0 8  - 2 e 4 1 4 1 1 8 E - 0 9  

NBRG MDI H N LC ISIG 
2 0 25 1 9  0 1 

ETA-R ETA-H L/D PHASE-M A EPS-0  
0 1 1 5 0 E  0 0  0 .  0 . 2 0 0 8  0 1  0 .  - 0 - 4 0 O E  0 0  0 . 4 0 0 E  0 0  

FORCE-R FORCE-T TORQUE-R TORQUE-T 
4 , 8 3 6 4 8 9 E - 0 2  -S .615053E-07  - 3 . 4 9 7 7 5 9 f - 0 8  - 1 e 2 5 2 2 1 3 E - 0 9  



-41- 

i 

* C O Y I C A L  B E A R I N G  19JAN66 D W G  N O ,  SK-C-2112 

N B R G  M D I  ‘I ry L C  ISIG 
3 0 2 3  9 3 3 

E T A - Z  E T A - K  E T A - M  R R A T  S A Y M A  EPq-1 A P H A S E  
~ 0, 0,55$E 0 0  3 ,  0 . 4 3 9 ~  00 0 . 4 5 0 ~  02 0.7n7~ 0 0 - 0 . 9 0 0 ~  00 0. 

F O R C E - R R  FORCE-TR F O R C E - R A  FORCE-TA 
5.067533E001 - 4 , 3 1 0 3 7 8 E - 0 7  3.583287E-01 - 3 . 0 4 7 8 9 R E - 0 7  

C P R  C P T  C P R M  C P T M  
- 0 1 1 0 2 E  0 0  0,324E-Ol-O,192E 00 0 . 3 2 4 E - 0 1  

NBRG M D I  *t N LC ISIG 
3 0 2 5  9 I) 3 

I 

E T A - Z  E T A - H  E T A - M  R H A T  CAYMA EP5-1  A PHASE 
0 ,  0.535E-01 0, 1 1 . 4 2 9 ~  P O  0 . 4 5 ~  n2 0.7n7~ 00 o .  0. 

FORCE-RR FORCE-TR FORCE-RA FORCE-TA 
6.171215E-02 -5.75844OF-07 4 .363709E-02  -4.071832F~07 

N S R G  MBI *t N L C  I S I ( i  
3 0 2 5  9 0 3 

E T A - Z  E T A - H  ETA-M R R A T  G A M M A  EPC-1. A P H A S E  
0, O . 1 3 C E  01) 0. C.429E 0 0  n . 4 5 0 E  02 0 . 7 0 7 F  00 0, 0. 

FORCE-RR FORCE-TR F O R C E - R A  F O R C E - T A  
1.245513E*Ol - 5 . 5 1 0 5 2 5 F - 3 7  8.80710AE-02 -3 .896528F-07 

CPR C P T  C P R M  C P T M  
O t 6 9 8 E - 0 1  0 . 9 9 4 E - 0 2  0 .698E101  Ow984E-02 

N B Q G  MBI ‘I N LC ISIG 
3 0 2 3  9 9 3 ~ 

E V A - Z  E T A - R  E T A - M  R R A T  G A Y M A  EPS-1 A PHASE 
0 ,  O.15OE 00 0, 0 . 4 2 9 ~  00 0 . 4 5 0 ~  n 2  0 . 7 n 7 ~  00 0. 0. 

FORCE-RR FORCE-TR FORCE-RA F O R C E - T A  
1 . 8 9 7 2 3 6 E - 0 1  -5.544330F-07 1 . 3 4 1 5 4 8 E - 0 1  - 3 . 9 2 0 4 3 3 F 5 0 7  

I CP9 C B T  CPRM C P T M  . 0 q 6 9 8 E - 0 1  0.575E-01 0.698E-01 0*575Fl01 

NBRG MBI ‘I N LC ISIG 
~ 3 0 2 3  9 0 3 



TABLE I 

RESULTS 

--- SPHERICAL BEARING 

OR 

4, = 41.5' 4 * 68.0' .E = 0.5 Oz = 0.0 
2 

.04 .048103 .0020191 

.05 .048144* .0025262 .050795* 

.06 .048195 .0030350 

.09 .048404 .0045741 

.10 .048492 .0050925 .05201 

.11 .048591 .0056143 

.19 .049742 .0099499 

.20 .049933 .010518 .05716 

.21 .050137 .011093 

.29 .052204 .016017 

.30 .052523 .016681 .06705 

.31 .052857 .017358 

- - 

.39 .056119 .023333 

.40 .056611 .024164 .08925 

.41 .057124 .025018 

.49 .062117 .032825 

.50 .062871 .033951 .1146 

.51 .063660 .035117 

.59 .071490 .046293 

.60 .072703 .047983 .1732 

.61 .073982 .049757 



TABLE I1 

L - = 2  
D 

RESULTS 

CYLINDRICAL BEARING - - 

lly = 0 a = -.4 E = .4 
0 

- - 
nR FR KR* 
.05 ,015539 

.10 .031505 .32826 

.15 .048365 

* - 
Small rl Analysis \ = .31 R 

L - =  2 
D 0 

rlR = 0 a = -.4 E = .4 

‘r 
- 
MR** 

.1 .0048710 

** - 
Small rlr Analysis %/or = .049 



TABLE 111 --- 
RESULTS 

CONICAL BEARING - 

- 0  ‘Iz 
= 0.5 r = 45’ E s i n  I’ = .5 a = 0 

- R1 
R 

‘IR 
.1 

Small nR Analysis 

0.126 

C.P. 

,0574 

- 
FR/nR = 1.26, C.P. = .0575 

‘IR = 0 

- 
‘I, GE? 
.1 0.100 

Small ‘I Analysis r 

c.p. 

0.110 

rR/n, = 0.995, C.P. = 0.1085 



HC 

Fig. 1 Spherical Squeeze-Film Bearing 



I 
Y 

X 

Fig. 2 Cylindrical Squeeze-Film Bearing 



Fig. 3 Conical Squeeze-Film Bearing 
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